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1. Introduction; Purpose of the project: Recall. 
Gondwana (Wegener, 1912, 1915; Du Toit, 1937) is the major continent of the Palaeozoic, and comprised 
about two third of the present-day continents on Earth. Paradoxically, its palaeoposition during the 
Palaeozoic is the least constrained among the major continents. In order to overcome the challenging issue, 
a comprehensive decision-critical analysis of palaeomagnetic information certainly remains the best tool. 
Unfortunately, most rocks of Palaeozoic age for Gondwana are exposed in regions, where the tectonic 
history is poorly understood. In the last three decades, many very different Palaeozoic apparent polar 
wander (APW) paths have been published for Gondwana (Fig.01; also Vérard, 2004). The disagreement 
between them, however, largely stems from the controversy whether the terranes from eastern Australia, in 
particular, are para-autochthonous or allochthonous in origin, and whether these data can be regarded as 
representative of the craton of Gondwana. 
 
We suggested for the present project to try to overcome this problem using a series of rocks from the same 
locality in the heart of Gondwana and covering the whole Palaeozoic. 
The Libyan series of rocks, at the rim of the Edeyen de Mourzouk Basin, range in ages from the Cambro-
Ordovician to the Jurassic–Cretaceous. It is situated in the heart of Gondwana, and has, a priori, never 
undergone significative reheating nor tectonic deformation that could deviate the mean palaeomagnetic 
orientation. 
 
Unfortunately, sampled Libyan rocks were revealed very disappointing (see below), and the project had to 
be reoriented.  
 
2. The Apparent Polar Wander (APW) Path for Gondwana. 
2.1. APW paths from the literature 
Among the number of paths that have been published for Gondwana for Palaeozoic times, eleven have 
been redrawn and are compared herein (Fig.01). 
 
The first work considered (because it is the oldest of these eleven and best illustrates the two schools of 
thought on the shape of the path for Gondwana) is the APW path set out by Morel & Irving in 1978 (red 
path in figure Fig.01.a). The path actually offers two alternatives: an X-path running directly through 
Africa (dashed line) for mid Palaeozoic times, or a Y-path involving a loop passing by offshore Chile (solid 
line). The two options stem from whether the palaeomagnetic data from the Tasmanides are included or 
not. It is striking to see that this controversy has persisted since then, and that basically, the same 
controversy over these two options is still debated in recent papers (see below). 
 
In 1990, a set of APW paths was published in a special edition of the Geological Society of London 
(Scotese & McKerrow, 1990). Three of them shown here are very similar to the Y-path of Morel & Irving 
(1978). Bachtadse & Briden (1990) drew a smooth path (pink path in Fig.01.b), using a spherical smoothed 
spline algorithm. The authors show that their path implies a minimal drift rate of 23 cm/year to account for 
the Siluro-Devonian hairpin. Such extremely high drift rate is of course similar for any analogous paths, 
and is actually even much lower than most of other paths.  
Such result leads to the open question: is it plausible for such a landmass, comprising two thirds of the 
continents of the Earth to drift at such a high rate? Indeed, paths from Kent & Van der Voo (1990) and 
Schmidt et al. (1990) (brown and orange respectively in Fig.01.b) show a palaeopole near Tunisia in the 
Ordovician (+35° to +40° in latitude), and a Silurian pole to the south of South America (-50° to -60°). 
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Figure 1: APW paths for Gondwana for Palaeozoic times redrawn after the literature (see legends). All paths are 
shown on a reconstruction of Gondwana in African coordinates (Orthogonal projection). 
 
The path proposed by Scotese & Barrett (1990) is the only path out the eleven that is not based on 
palaeomagnetic data. They used a statistical technique to estimate Palaeozoic pole positions from 
geographical distribution of lithological indicators of climate, such as carbonates, evaporates, coals and 
tillites. They obtained a rather simple path, perhaps reflecting the fact that the lithological record represents 
a strong filter, which runs along the western and southern coast of Gondwana (light green in Fig.01.c). 
Although much further to the west, the APW path of Scotese & Barrett (1990) resembles to recent work of 
Grunow (1999) and Smith (1999) (dark green and yellow respectively in Fig.01.c). Those last are also quite 
similar to the X-path of Morel & Irving (1978). 
Smith (1999) drew his path using an uncommon but interesting approach to select poles. Usually, authors 
tend to use data with a quality as high as possible. On the contrary, Smith used all available palaeomagnetic 
data for Gondwana (except those having a deviation larger than 40° to the mean pole) including untested 
poles, and gave two main justifications for this. First, he considers that low quality data do include a real 
signal. And secondly, even if the dataset may have a much larger scatter, deviation to the mean pole will be 
then averaged. 
The controversy about data from the Tasmanides led Bachtadse & Briden (1991) to propose a new path 
(light brown in Fig.01.c). The path, obtained by using a spline method, is the one, which is the most 
easterly positioned from the eleven presented here and also the closest to the classic X-path of Morel & 
Irving (1978). The Cambro-Ordovician segment is analogous to other paths (such as Schmidt et al., 1990 
for example), but the Early – Mid Palaeozoic path runs directly through Africa. They mainly anchored their 
path on the palaeomagnetic results they then just obtained from the Gilif Hills Volcanics in Sudan 
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(Bachtadse & Briden, 1991), and suggested that data from the Tasmanides could have been rotated or 
remagnetised. They involved, in particular, a Carboniferous hairpin to account for Australian data such as 
results from the Hervey Group (Li et al., 1988) or from the Worange Point Formation (Thrupp et al., 
1991), which they considered as possibly overprinted, despite positive fold tests. 
 
Finally, three more paths, published in the last decade, include again a Siluro-Devonian hairpin. Li & 
Powell’s path (2001) shows the most drastic movement between +50° at 490 Ma and nearly –70° at 400 
Ma (violet path in Fig.01.d). The path proposed by McEhlinny et al. (2003) adds a “small” loop in West 
Africa during the Late Cambrian – Early Ordovician (blue path in Fig.01.d). Such paths imply very 
complex movement of the continent and the highest drift rates proposed. 
The path of Torsvik & Van der Voo (2002) is more reasonable in terms of drift rates (black path in 
Fig.01.d). It has been calculated using a spherical spline method, and excludes data from the Tasmanides. 
 
As a conclusion, every path is very different from one another, even if two main types of shape can be 
distinguished (X- & Y-type paths). Pole positions may differ in the order of thousands of kilometres. The 
divergence is essentially related to how poles are selected, since there is a large discrepancy among data. 
 
2.2. The palaeomagnetic database: bias and (non-)objectivity in data selection 
One of main reasons for the discrepancy between published APW paths for Gondwana is the way that data 
are selected and the differences in statistical significance. Van der Voo (1988, 1993) proposed seven 
objective criteria to assess the quality of palaeomagnetic data, resulting in the determination of a quality 
factor Q. These criteria are: 
• 1- A well-determined rock age and a presumption that magnetisation is the same age. 
• 2- Sufficient number of samples such as: 

o N ≥ 24 (where N is the number of samples) 
o κ≥ 10 (where κ is the precision parameter; Fisher, 1953) 
o α95 ≤ 16,0° (where α95 is the radius of the cone at the 95% confidence level). 

• 3- Adequate demagnetisation that demonstrably includes vectors subtraction. 
• 4- Field tests that constrain the age of magnetisation. 
• 5- Structural control, and tectonic coherence with craton of block involved. 
• 6- Presence of reversals. 
• 7- No resemblance to palaeopoles of younger age (by more than a period). 
 
Nevertheless, we consider that all those criteria do not have the same importance (or same weight). Clearly, 
we consider criterion 1, for instance, as essential relative to the others. Thus, using the last version of the 
I.A.G.A palaeomagnetic database (version 4.6, 2007 – maintained by S. Pisarevsky; first version from 
McElhinny & Lock, 1996), four levels of selection are proposed below to account for this order: 
• The “base” quality level examines all data provided by the database. The BQ level corresponds to 

satisfying only criterion 1 of Van der Voo (1993): presumption that rock age and magnetisation age is 
the same. The magnetisation age (MagAge) provided in the database should be the same as the age of 
the rock (RockAge). In other words, we discard, therefore, only all data presented as remagnetised. 

• The “low” quality level considers, in addition, data having satisfying statistical parameters. The LQ 
level corresponds to select in the database (I.A.G.A, 2007) data having a sufficient number of samples, 
N≥24; a Fisherian parameter, κ≥10; and a radius of the cone at the 95% confidence level, α95≤16,0°. It 
is equivalent, therefore, to satisfying the three first Van der Voo’s criteria. 

• The “mid” quality (MQ) level adds a “good” age control, and, and adequate demagnetisation with 
quality factor, “Demagcode”≥3. The age (labelled “MeanAge”) is here simply regarded as the average 
between the “low age” and “high age” given in the database, and the uncertainty, as the difference 
between the age limit and the average. The uncertainty is viewed as acceptable for the MQ level when it 
does not exceed a critical limit (εC in percent) arbitrarily chosen as: 

εC = 0.05 (or 5%) if MeanAge ≥ 500 Ma, 
and εC = ((1.60262779327053*(1-(((1-0.05)/(500-0)*MeanAge)+0.05))^10)+0.05)), otherwise. 

• The “high” quality level accepts only data from the MQ level having at least one positive field test (fold 
test, conglomerate test, contact test, reversal test). 
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The aim of the new ranking is to establish a selection as objective as possible. Indeed, one of the biases of 
some of the paths previously shown resides in the fact that some authors select the poles “they like”, 
regardless whether they could be representative of the “true magnetic pole”. 
 
Running average algorithm was applied on data from cratonic area (in order to avoid artefact due to 
‘exotic’ terranes), and results are shown herein for Gondwana (Fig.2). 
 

 
Figure 2: APW paths for Gondwana in the range 0 – 600 Ma, with four selection level: BQ, base quality level; LQ, 
low quality level; MQ, mid quality level; HQ, high quality level. Data points are shown for the LQ level, with color-
coded age progression from yellow to blue (Africa fixed). 
 
The APW paths obtained for Gondwana are shown together with the one (“Stampfli” in green; Fig.2) 
derived from global geodynamical reconstructions. Because reconstructions are now global, we used both 
global geometry of our reconstructed tectonic plates and lithological information (presence of carbonate, 
tillites, etc.) to define a plausible APW path. The “Stampfli” path is, however, consistent to first order 
(given associated confidence cones, not shown here) with the path derived from palaeomagnetic poles, in 
particular with a LQ level selection criteria. The main discrepancy concerns the Ordovician – Silurian, and 
work is in progress to see whether this segment of our path could be refined. 
The “worse path” is obtained by using only HQ level data. Such result stems from the fact that HQ level 
data are not sufficient in number, and the underlying (“invisible”) errors / biases / uncertainties are not 
averaged out.  
One can conclude, therefore, from those results that the quality level of the palaeomagnetic data is not a 
primary criterion for determining an APW path, as claimed by Smith (1999). Even, “high quality data” 
contain underestimated uncertainties and/or biases that disperse the data, namely (among others): 
• Palaeomagnetic data may suffer certain degree of alteration that deviate the mean (see examples in 

Vérard et al., 2005; Vérard et al., 2008). 
• Uncertainties in structural correction are not taken into account. For example, a palaeomagnetic study 

undertaken in a granitic body often postulates no tilt correction (because it is difficult to assess). 
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However, many of these bodies are exposed thanks to detachment fault or equivalent tectonic activity, 
which tilts terrains. 

• Palaeomagnetic data are often accepted for publication if they match an existing path, leading to some 
“circular reasoning”. 

 
3. Rocks from Libya. 
Being aware of those difficulties in constructing the APW path for Gondwana, the present project was 
aiming to collect palaeomagnetic samples that meet three main criteria: 
• Samples should not be suspected to be allochtonous or “para-autochthonous” relative to Gondwana for 

the whole Palaeozoic. In other words, samples had to be collected in the heart of Gondwana. 
• Sampling should be carried out in a region with a priori no later main tectonic (metamorphic) or 

volcanic event, which could have affected the primary magnetic signal. 
• Alteration, biases or any artefact are thought to be best highlighted if a series of Palaeozoic rocks is 

sampled, and not only spot sampling from one formation in one locality. Indeed, if primary 
magnetisation can be recovered, any fallacious palaeopoles should then stand out. 

 
The Libyan series of rocks, at the rim of the Edeyen de Mourzouk Basin, range in ages from the Cambro-
Ordovician to the Jurassic–Cretaceous. It is situated in the heart of Gondwana, and a priori has never 
undergone significative reheating nor tectonic deformation that could deviate the mean palaeomagnetic 
orientation. 
 
3.1. Getting in the field and sampling 
One of the major difficulties met was to get in contact with local geologists and to arrange a field trip, since 
one has to be invited to work in Libya. It took us several months to convince interesting people to spend 
time and money to come along with us in the field. We were fortunate to finally work with the Libyan 
Petroleum Institute (LPI), and to have their support in terms of administrative issues, logistic, and cultural 
and language problems. 
For time schedule reasons of the different participants, and because of weather conditions in the desert, the 
field trip was organised from March the 4th to the 27th, 2008. Five days were necessary to gather the 
material sent from Germany (University of Munich) and the Libyan consumables, and in particular, to 
obtain the numerous authorisations to work in the desert. After two days travel, we immediately started to 
systematically check the selected spot potentially interesting for palaeomagnetic sampling. The main 
criteria were the sufficient exposure of the rock and the accessibility with our vehicles, the good location of 
the potentially sampled beds within the sequence in order to ensure the best age control, the apparent 
quality of the rock with, in particular no trace of fluid migration, no indication of lightning strikes, and a 
sufficient hardness to sustain the drilling effort. 
 
The first rock sampled were the top of the Late Cambrian Hasāwanah Formation, close to Ghāt. Our ability 
to study the surrounding zone was strongly limited by the army forces who told us that our safety was not 
100% ensured because of the vicinity of the Algerian border and the presence of armed out-laws. Thirty 
five cores in 6 sites were collected. No Ordovician rocks could be sampled, because the clay-tilites are very 
friable and impossible to drill. Although the Silurian rocks are similar to the Ordovician ones, few ~5-cm 
thick beds of sandy-claystone could have been drilled in the Lower Silurian Tanezzuft Formation, and 31 
cores (5 sites) were drilled. More samples were obtained in the mid- Late Silurian Akākūs Formation. In 
the first massive sandstone beds at the very base of the formation, 32 cores in 6 sites were obtained just 
above the limit with the Tanezzuft Formation. Thirty four more cores in 6 other sites were drilled at the top 
of the formation, in a very gently folded zone (4°-5° bedding dip). The Devonian is only represented by the 
red-purple sandstone of the Lower Devonian Tādrārt Formation. There also, 32 cores from 6 sites were 
obtained. Many samples could be drilled in Lower and mid- Carboniferous Marār Formation, with 80 cores 
from 16 sites. Finally, 33 cores (6 sites) were drilled in the very hard limestone of the Late Carboniferous 
Dembaba Formation. Note that there is a hiatus of Permian rocks in South Libya. 
 
In other word, our field trip was definitely successful and we were glad to manage to sample almost the 
entire Palaeozoic series of the Mourzouk Basin. Moreover, for every locality, we could sample more than 
30 cores, which is satisfying in terms of statistic relevance, since the lower limit is defined with 24 cores  
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Figure 3: Palaeomagnetic sampling carried out at the rim of the Mourzouk Basin for the present project. Geological 
map after Grubić et al., (1987). Locations defined in the proposal for sampling have indeed been targeted. 
 
(e.g. Van der Voo, 1988, 1993). All together, we collected 253 cores in 47 sites (see Fig.3 for sampling 
locations on the geological map). 
 
3.2. Laboratory treatment and interpretation 
After reception of our samples, the long and fastidious part of the job consisted in preparing samples for 
palaeo- and rock-magnetic analyses. Approximately 800 cylindrical samples (2.5 × 2.2 cm) were cut from 
the cores and carefully marked to report the orientations measured in the field. About 30 micro-samples (8 
× 7 mm) were also prepared for magnetic mineralogy determination. 
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Thermal as well as alternating field demagnetisation techniques were applied to our samples, using 
facilities of the magnetic laboratory (Niderlippach) of the Institut für Geophysik (LMU, München; in 
particular the 2G-cryogenic magnetometer settled in an amagnetic room). 

 
Demagnetisation curves are looking 
correct, in particular for sandstone, 
with predominantly minor decay 
around 300°C, and major decay around 
600°C or slightly more. In 
Carboniferous limestone (MAR, MCB, 
DEM), however, the signal is bad 
(noisy). 
Orthogonal projection display 
generally one single component from 
0°-120°C to 600°-675°C. 
 
From those observations, one can 
conclude that the high temperature 
magnetic carrier is a ‘haematite-like’ 
mineral. For the low temperature 
magnetic carrier, however, there is no 
indication. 
 
Magnetic mineralogy measurements, 
carried out on our samples using a 
variable frequency translation balance 
(VFTB; Petersen Inc.), were not able to 
clarify this point (Fig.4.b). The 
machine is one of the most sensitive 
for magnetic mineralogy meaning the 
magnetic content in those rocks is very 
low, since it reaches the detection limit 
of the VFTB. 
 
The directions of magnetisation 
derived from the high temperature 
component are very scattered, 
whatever the demagnetisation 
technique used. 
However, using boostrapped vector 
analysis, in particular, no significant 
variation can be seen in direction of 
magnetisation among the different 
formation sampled. Data from rocks 
ranging in age from Cambrian to 
Carboniferous all cluster about a mean 
value (Fig.6): Dec.005.59° / 
Inc.+33.86° (ε1=1.27° / ε2=2.56°; 95 % 
confidence ellipses). Just looking at 
data from Silurian rocks, for instance, 
data cluster around Dec.180.68° / Inc.-
40.18° (κ=10.728 / α95=8.01° / 
R=30.017), which is strikingly close to 
the direction of the present-day dipole 
field: Dec.000.00° / Inc.+41.68°. 

 
Figure 4.a. Examples of thermal demagnetisation curves. (right). 
Orthographic projection (‘Z-plots’) in the horizontal plane (red / 
full), and vertical plane (blue / open) (left). 
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Although two polarities are often present in the Libyan rocks, we regard all our results, therefore, as 
present-day (or recent) full remagnetisation. 

 

 
 

Figure 4.b: Examples of VFTB (Variable Frequency Translation Balance) measurements. The magnetic content in all 
the Libyan rocks is very low, signals are inoperative. 

 
In addition to rock magnetic analysis and palaeomagnetic 
determination, all samples were subjected to measurements 
of the anisotropy of magnetic susceptibility (AMS; 1 
sample per core, 15 positions). The degree of anisotropy is 
low as expected in such undeformed region, and most of 
the ellipsoids of magnetic susceptibility are oblate, except 
for the Late Carboniferous limestone of the Dembaba 
Formation. The relationship between the main fault (the 
“10°30’ Fault”; Radulovič, 1984) crosscutting the sampled 
region and weakly developed fold axes suggests a minor 
dextral displacement along this ~N-S 10°30’ Fault. Most 
AMS data, however, show principal axes of magnetic 
susceptibility with an orientation suggesting a SE-NW 
shortening, only compatible with a potential senestral 
movement on the fault (Fig.7). 
It is not possible to date the magnetic fabric observed in 
those rocks, but the results prove that a minimum a two 
states of stress affected the rim of the Mourzouk Basin. 

 
 
Figure 5: Thin sections of the pale pink to 
purple red sandstone and siltstone (HAS to 
MAR), and limestone (MCB, DEM). 
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Figure 6: Directions of the ‘characteristic component’ of 
magnetisation  for samples from Silurian formation (left) 
and for 3 sample per units randomly selected in all our 
data (right). Stereographic projection (open symbol: 
upper hemisphere; full symbol, lower hemisphere); blue 
square: mean eigen-vector V3; triangle, V2; circle, V1. 
Red square (and 95% confidence cone) corresponds to 
the Watson mean direction. 
The mean orientation (left) is: CHT (N=33), D: 180.68° / I:-40.18°; κ=10.728 / α95=8.01° / R=30.017. 
The mean orientation (right) is: CHT (N=22), D: 188.81° / I:-27.87°; κ=4.965 / α95=15.53° / R=17.771. 
 

 
The causes of remagnetisation remain unclear. 
The presence of apparent two families of white micas, seen in thin section (Fig.5), was first attributed to 
the percolation of hot fluid, which may have benefit from the existence of the main fault (the “10°30’ 
Fault”). 
However, clear evidence of fluid migration is lacking in those rocks (C. Teyssier; L. Siebenaller, personal 
communications, 2009).  
Given the low erosion rates in the Sahara desert, long term exposition to sub-surface condition could 
equally be a cause of high oxidation condition, and full remagnetisation. 
Geochemical investigations could perhaps help solving this issue, although such complex and time-
consuming method is beyond the scope of the present study. 

 
 
Figure 7 – Principal axes of magnetic susceptibility 
plotted on equal area projection. Blue: density contours 
for the longest KMAX  axes; yellow, intermediate KINT 

axes; red, shortest KMIN axes. Black squares, triangles, 
and circles are the mean KMAX , KINT & K MIN  
respectively, calculated using bootstrapping technique 
(Tauxe, 1998). 
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3.3. Implications for the APW path of Gondwana and the present project 
Given these results, it is obvious that our samples can not help refining the APW path for Gondwana. The 
political crisis between Switzerland and Libya (which occurred just one week after our return from the field 
trip) prevented any tentative to go back in the field and try to find different rock exposures. 
 
We, therefore, decided to reorient the project, in refining the global geodynamical reconstructions. 
 
4. Amalgamation and geodynamical evolution of Gondwana. 
The geodynamical project carried out at the University of Lausanne in Gérard Stampfli’s group since many 
years has started around the Tethys realm. The model has been further extended to Asia, and then North 
America, Arctic regions and Central and South America, in particular for the Mesozoic and Cainozoic era.  
The Australia, South Pacific and Antarctic regions were not yet thoroughly investigated, in particular for 
Neoproterozoic and Palaeozoic ages. 
 
A long part of the work consisted in refining the geometry of our GDUs (Geodynamical Units: i.e. our 
‘crustal pieces’ that we define from their present-day geometry and we regard as undeformable). A large 
number of (probably up to 200) new GDUs were then defined, and compilation of Late Neoproterozoic to 
Palaeozoic orogenic belts and suture has been carried out. 
From geological and geophysical information of geodynamical interest, we are now able to propose a 
coherent, physically consistent model not only from the amalgamation (Neoproterozoic – Cambrian) to 
the break-up (Jurassic) of Gondwana and surrounding terranes, but also for the evolution of the (Palaeo-
)Pacific (Mesozoic) and Pan-Thalassa (Paleozoic) realms. 
 
Scientific publications in international journals are currently in progress. A paper about the Palaeozoic 
history of the Gondwanides (focussing on Australia & Antarctica; Delamerian – Ross, Lachlan and New 
England orogen) is in preparation. A paper concerning the geodynamical interaction between the Pacific, 
Tasman Sea realm, Australia and Antarctica during the Mesozoic – Cainozoic is submitted to the 
Australian Journal of Earth Sciences. And a third paper discussing the evolution of the South America – 
East Antarctica region, with implications for the opening of the Scotia Sea region is submitted to the South 
American Journal of Earth Sciences. 
 
5. Conclusions 
The present project was successful concerning the field trip, sampling and collaboration, relative to our 
objectives. Unfortunately, samples were very disappointing from laboratory treatments, since no primary 
magnetic signal was recovered. We regard all our results as present-day (or recent) full remagnetisation. 
The anisotropy of magnetic susceptibility provides the only results, which may lead to direct conclusions, 
and are of interest for structural / tectonic purposes. 
The political crisis between Switzerland and Libya prevented any tentative to go back in the field and try to 
find different rock exposures. 
 
The present project was then re-oriented to geodynamical reconstructions for Gondwana as carried out at 
the University of Lausanne in Gérard Stampfli’s group. 
We are now able to propose a coherent, physically consistent model not only from the amalgamation to 
the break-up of Gondwana and surrounding terranes, but also for the evolution of the (Palaeo-)Pacific and 
Pan-Thalassa realms. Our results will be the subject of several publications in international journals. 
 
Such work helps determining the palaeo-position of Gondwana relative to the other continents, but 
palaeomagnetism probably remains the best tool for (pseudo-)absolute localisations. Clear palaeomagnetic 
poles for Gondwana for the Palaeozoic are therefore still needed. 
 

* 
*   * 
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